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The overwhelming majority of studies examining environmental change deliver
treatments abruptly, although, in fact, many important changes are gradual. One
example of a gradually increasing environmental stressor is heavy metal contamination.
Essential heavy metals, such as copper, play an important role within cells of
living organisms but are toxic at higher concentrations. In our study, we focus on
the effects of copper pollution on filamentous soil fungi, key players in terrestrial
ecosystem functioning. We hypothesize that fungi exposed to gradually increasing
copper concentrations have higher chances for physiological acclimation and will
maintain biomass production and accumulate less copper, compared to fungi abruptly
exposed to the highest copper concentration. To test this hypothesis, we conducted
an experiment with 17 fungal isolates exposed to gradual and abrupt copper addition.
Contrary to our hypothesis, we find diverse idiosyncratic responses, such that for many
fungi gradually increasing copper concentrations have more severe effects (stronger
growth inhibition and higher copper accumulation) than an abrupt increase. While a
number of environmental change studies have accumulated evidence based on the
magnitude of changes, the results of our study imply that the rate of change can be
an important factor to consider in future studies in ecology, environmental science, and
environmental management.
Keywords: gradual and abrupt stress, heavy metal stress, temporal dynamics, filamentous fungi, copper toxicity,
environmental change
INTRODUCTION
Most ecosystems are subjected to anthropogenic and natural environmental drivers that can
represent stressful changes for biota. The effects of anthropogenic stressors have been largely
studied by investigating responses to different magnitudes of stress. However, other temporal
characteristics of stress may be equally important (Ryo et al., 2019). For instance, experiments
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typically focus solely on the intensity of change, often without
taking the rate of change into account. Different rates of
environmental change can have diverging impacts on ecological
systems (Klironomos et al., 2005; Siteur et al., 2016), yet
the potential importance of the rate of change remains
largely unexplored.
Repeated or continuous contamination of a site can lead to a
gradual increase in the contaminant concentration in ecosystems
over time (Komárek et al., 2010; Ballabio et al., 2018). Soil
and groundwater contamination is currently one of the greatest
concerns related to soil resources in Europe and across the
globe (Tóth et al., 2016). Heavy metal contamination is the most
common type of soil and groundwater contamination in Europe
(35% and 32%, respectively, of contamination cases in Europe)
(Science Communication Unit and University of the West of
England, 2013). For example, copper has been used extensively
as a fungicide in agriculture, the wood industry, and other fields
of human activity for more than three centuries (Karunasekera,
2017). In addition, this type of contamination is practically
irreversible, because unlike organic compounds, heavy metals
cannot be degraded, only potentially immobilized or extracted by
hyperaccumulating organisms (e.g., plants and fungi).
Copper plays an important role within the cells of living
organisms – it is a cofactor of proteins, a component
of metalloenzymes (Nevitt et al., 2012) and is needed for
homeostatic maintenance. However, a tightly coordinated
orchestration of uptake, distribution, and efflux in cells is
needed (Prohaska, 2008) to prevent toxic effects at higher
concentrations. An excess of copper ions can cause fatal
cell damage (Eaton and Hale, 1993; Karunasekera, 2017)
due to its binding to functional groups, replacing cations,
inducing oxidative stress (Zhang et al., 2015), and affecting
the membrane transport system (Cervantes and Gutierrez-
Corona, 1994; Karunasekera, 2017). These changes inside of
fungal hyphae, induced by an excess of copper, can lead to
reduced fungal biomass production. Given the abovementioned
physiological mechanisms, the rate of copper concentration
increase in the environment must be critical for fungal growth
and copper uptake. Nonetheless, so far, the overwhelming
majority of experimental studies on the effects of environmental
change use treatments that are delivered abruptly, although in
fact, many important changes in the environment are gradual in
nature (Gomaa and Azab, 2013).
In our study, we selected a set of 17 filamentous fungal strains
comprising three fungal phyla (Ascomycota, Basidiomycota,
and Mucoromycota) which were isolated from the same soil.
These fungi are abundant in their ecosystem, are culturable,
and show high versatility in trait expression (Andrade-Linares
et al., 2016; Lehmann et al., 2019). We focus on the effects
of copper on filamentous soil fungi, key players in terrestrial
ecosystems functioning (Went and Stark, 1968) by virtue of their
role in biogeochemical cycling and immobilization of toxicants
(Brookes, 1995; Giller et al., 1998).
With this set of fungi, we here test the hypothesis that fungi
exposed to a gradual increase in copper concentration will have
a greater chance for physiological acclimation to copper stress
and will show higher biomass production and lower copper
accumulation. For this, we investigate in an experiment how
the rate of copper application (gradual vs. abrupt) affects fungal
biomass and copper accumulation. In a second step, we wish to
investigate with these data, (1) if fast-growing strains are more at
risk to experience biomass reduction compared to slow-growing
strains and if this effect is more pronounced under abrupt copper
application; (2) we investigate the impact of the rate of copper
application on the trade-off between biomass production and
copper accumulation. This relationship reflects stress-response
strategies of fungi, which can differ depending on the individual
properties of the isolates and type of treatment.
MATERIALS AND METHODS
Fungal Isolates and Experimental Design
We used 17 fungal strains originally isolated from a nature
protection area of “Oderhänge Mallnow,” a natural, semi-arid
grassland in northeast Germany (Mallnow Lebus, Brandenburg
52◦27.778′ N, 14◦29.349′ E) (Andrade-Linares et al., 2016).
Details on the fungal isolates are presented in Supplementary
Table S1 in Supplementary Material.
For the experiment, isolates were cultured from −80◦C
stock cultures on PDA (potato dextrose agar; Sigma-Aldrich,
Taufkirchen, Germany) at 20◦C (the temperature at which
the fungi were originally cultured). Then, one standardized
plug (∼0.25 cm2) per cup was used to inoculate liquid
cultures. The incubations were carried out in a filter-sterilized,
chemically defined medium (Czapek-Dox broth, Sigma-Aldrich,
Taufkirchen, Germany), adjusted to pH 5.5. The cultures were
kept in ventilated incubators at 20◦C and were orbitally shaken at
150 rpm. The experimental units consisted of sterile plastic cups
(150 ml total volume) filled with the growth medium (50 ml),
and there were three treatments (control, gradual, and abrupt),
five replicates for each of 17 fungal isolates, summing up to 255
experimental units in total.
Treatment Application
The liquid cultures of the single fungal isolates received gradual
and abrupt copper treatments. The treatments were designed
according to a dose-day approach and, thus, the copper
addition for the gradual treatment had to be started earlier
than for the abrupt one. This way, we kept the duration
of incubation the same for both treatments to assure that
experimental units received the same overall dose (note that
dose-days are calculated as the area under the curve). The
final concentration of copper was always the same between
abrupt and gradual treatments (see Supplementary Figure S1 in
Supplementary Material). The final copper concentration in the
growth medium in both treatments was 1 mM of copper sulfate
pentahydrate. This concentration caused a significant decrease
in biomass production, but was not lethal, according to our
preliminary tests.
Fungal cultures were pre-incubated for 5 days without
copper addition and then, during the treatment phase (copper
addition), incubated for 9 days. In the gradual treatment, copper
concentration was increased every 24 h by adding 0.1 ml
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of copper-nutrient solution. In the abrupt treatment, copper
concentration was increased on the fifth day directly to the
maximal concentration; on all other days, 0.1 ml of nutrient
solution (Czapek-Dox broth) was added. For the control samples,
0.1 ml of medium was added daily to prevent a difference in
nutrient supply among treatments.
Measurements
At the end of the experiment, the fungal biomass was retrieved by
filtering through a 3-µm nylon mesh using a diaphragm vacuum
pump (Vacuubrand). Next, the samples were carefully transferred
to pre-weighed, heat-resistant 1.5-ml centrifuge tubes, dried at
105◦C, cooled down in a desiccator, and weighed using an
analytical balance; the procedure was repeated until the weight
of the samples stabilized. Copper accumulation was measured as
the amount of copper (mg) per mycelium dry weight (g) (Vieira
and Volesky, 2000). Dry fungal biomass was dissolved in “aqua
regia” (a mixture of nitric acid and hydrochloric acid) and then
Cu content was measured using ICP-OES (Perkin Elmer Optima
2100DV) based on DIN EN 1346 (Vogel et al., 2015).
Statistical Analysis
All the statistical analyses were done in R version 3.5.3
(R Core Team, 2018).
We quantified the mean differences in fungal biomass and
copper accumulation in mycelium as a function of whether
copper was added gradually or abruptly. For each isolate,
the unstandardized absolute effect sizes (ESs; i.e., absolute
difference in mean between treated group and control) of
biomass production and copper accumulation were analyzed
independently. Taking into account the heterogeneity in isolate
performance under control condition, we also estimated the 95%
confidence interval (CI) of the ES for each isolate. For comparing
the ESs between abrupt and gradual treatments, we conducted
a non-parametric bootstrap resampling (9999 iterations) to
estimate the difference in mean values of both treatments while
accounting for the variability, and estimated the probability that
the difference is explained solely by chance.
Then, we tested if for biomass production differences in ES
between abrupt and gradual treatments (i.e., absolute difference
between ES abrupt and ES gradual) can be explained solely
by the growth rate of fungi in the controls. For this, we
conducted correlation tests between these two variables (using
Pearson’s method). Moreover, we investigated the correlation
of ESs between biomass and copper accumulation under both
types of treatment (using the function “cor.test” in R). We tested
for a phylogenetic signal of the six response variables (fungal
biomass and copper accumulation under the control, gradual and
abrupt treatments) based on Blomberg’s K statistics (Blomberg
et al., 2003). We used the function phyloSignal of the R packages
“phylosignal” (Keck et al., 2016). This approach was necessary to
evaluate if phylogenetic relatedness could bias our inferences.





The tested isolates showed diverse rather than uniform
responses to the applied Cu treatments, suggesting that abrupt
environmental changes are not necessarily more harmful
than gradual ones.
We found four different reaction patterns in our isolates
(Figure 1). Four isolates (RLCS22, RLCS12, RLCS02, and
RLCS13) did not show a significant decrease in biomass
production exposed to either treatment. For six other isolates
(RLCS10, RLCS15, RLCS27, RLCS06, RLCS30, and RLCS01),
biomass was reduced but no difference was detected between
the gradual and abrupt treatment. Another five isolates (RLCS04,
RLCS14, RLCS18, RLCS16, and RLCS08) had reduced biomass
FIGURE 1 | (Left panel) Effect sizes of copper treatments on biomass
production of each isolate exposed to either gradual or abrupt treatments.
(Right panel) Difference in the effect sizes. The dots represent means and
the bars are 95% confidence intervals. Kernel density plots depict data
distributions. The phylogenetic relationship of the fungal isolates is depicted
on the left, and we additionally show the overall effect. The vertical dashed
lines are the zero effect lines.
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production more strongly under the gradual treatment than in
the abrupt treatment (Tukey HSD test, p value = 5.16e-08, 1.23e-
02, 6.09e-04, 2.39e-02, and 4.57e-05, respectively). In only two
cases (RLCS05 and RLCS32) did we find the predicted response,
namely, that the abrupt treatment caused more pronounced
reduction in biomass production than the gradual treatment
(Tukey HSD test, p value = 6.31e-06 and 1.11e-02, respectively).
Copper Accumulation in Fungal
Mycelium
In all cases, when treatments were applied, copper content
in fungal biomass was noticeably higher than in the control.
When comparing the isolates, contrary to the initial hypothesis,
copper accumulation was higher under the gradual treatment
for 7 out of the 17 strains (RLCS04, RLCS10, RLCS05, RLCS13,
RLCS16, RLCS08, and RLCS32), while only one isolate (RLCS14)
FIGURE 2 | (Left panel) Effect of copper treatments on copper accumulation
under gradual and abrupt treatments. (Right panel) Difference in the effect
sizes between the gradual and abrupt treatments. The dots represent means
and the bars are 95% confidence intervals. Kernel density plots representing
the data distributions. The phylogenetic relationship of the fungal isolates is
depicted on the left, and we additionally show the overall effect. The vertical
dashed lines are the zero effect lines.
accumulated more copper under the abrupt treatment (Figure 2).
For the remaining isolates, no difference in copper accumulation
between the gradual and abrupt treatments could be detected.
Relationship Between Copper Effect and
Growth Strategy
To test if applied copper treatments were less stressful for
fast-growing fungi than slow-growing ones, we investigated the
relationship between ES for biomass and the biomass production
in the control group. The association was strongly negative in
both copper application treatments (ES are negative numbers),
indicating an inhibition of biomass production for fast-growing
isolates (gradual group: Pearson’s r = 0.86, p = 8.4e-06, 95% CI
[−0.95,−0.65]; abrupt group: Pearson’s r = 0.92, p = 1.3e-07, 95%
CI [−0.97, −0.79]; Figure 3). However, the differences between
abrupt and gradual treatments were not explained by the growth
rate of fungi (Figure 3).
FIGURE 3 | (Top panel) Correlation between biomass reduction under the
gradual and abrupt treatments and biomass production in the control group.
(Bottom panel) Correlation between biomass production in the control group
and the difference in the effect sizes (ES) between the gradual and abrupt
treatments. The difference in ES is not explained by the growth rate of fungi
and earlier start of the gradual treatment. ES is calculated as the difference
between the treatment and control groups. We show regression lines and
confidence intervals for the gradual (green) and abrupt treatment (blue). Each
dot represents the mean for one isolate from our set of fungi under the certain
treatment.
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Correlation Between Biomass
Production and Copper Accumulation
The correlation between biomass and copper accumulation was
positive in both treatments (Figure 4) (gradual group: Pearson’s
r = 0.49, p = 0.05, 95% CI [0.01, 0.78]; abrupt group: Pearson’s
r = 0.37, p = 0.14; 95% CI [−0.13, 0.72]).
Phylogenetic Signal
Responses were tested for any phylogenetic signal using
Blomberg’s K statistics. We did not detect any phylogenetic signal
(p values > 0.05). Hence, we assume that species relatedness did
not bias our inferences.
Additional Observations
Although it was not quantified in our experiment, we observed
that, in some cases, mycelium color depended on the treatment
type (see Supplementary Figure S2 in Supplementary Material).
Two isolates (RLCS05 and RLCS32) had markedly darker
FIGURE 4 | Correlation between biomass reduction and Cu accumulation
under the gradual and abrupt treatments. Effect sizes (ES) are calculated as
the difference between the treatment and control groups. We show regression
lines and confidence intervals for the gradual (green) and abrupt treatment
(blue). Dots represent isolate-specific trait mean data for gradual and abrupt
treatment applications, respectively.
mycelium and weaker growth inhibition under the gradual
treatment (see Supplementary Figure S2 in Supplementary
Material). The RLCS12 isolate had darker mycelium in the
abrupt treatment, but the growth was not inhibited by any
of the copper treatments (see Supplementary Figure S2 in
Supplementary Material).
DISCUSSION
Contrary to our hypothesis, as well as some other experimental
findings (Sivaprakasam et al., 2008), that typically abrupt
environmental changes are more harmful than gradual ones,
surprisingly, the isolates showed diverse responses to the
treatments, rather than responding uniformly. One plausible
explanation for the diverse effects of the treatments on
biomass production among the isolates could be that a fast-
growing fungus (i.e., having a higher biomass production in
the control) had already accumulated higher biomass before
application of the treatments and then slowed down growth,
and therefore the rate of copper addition intrinsically affected
these isolates less strongly. Conversely, a slow-grower is
more sensitive to the different treatment application rates.
Thus, variability of the effect sizes (biomass) is related to
the growth strategy of the isolates. Nevertheless, the growth
rate does not explain the difference in effect sizes (biomass)
between the gradual and abrupt treatments and did not
introduce a bias.
We highlight that the dose-day approach we used here,
arguably a reasonable approach to compare different rates
of change, inevitably entails a difference in the timing of
treatments (see Supplementary Figure S1). This is necessary to
achieve equity of the overall dose. This means that the gradual
treatment begins to affect fungi earlier during their growth phase.
Nonetheless, for the majority of fungal isolates, including fast-
growing ones, mycelial growth was noticeably inhibited by both
copper treatments; thus, the exact growth phase in which the
treatment was started did not affect the outcome here.
Results of the current study also showed that way of
copper delivery had a strong effect on copper accumulation
by fungal mycelium – it was noticeably higher in the gradual
treatment. Possibly, at the early stages of the gradual treatment,
fungal cell structures were partly damaged (for example, by
copper-induced reactive oxygen species) and when the copper
concentration reached the maximum, cells were not able to
efficiently apply resource-consuming resistance mechanisms for
reducing copper uptake (Prabhakaran et al., 2016). This could
explain higher copper accumulation under the gradual copper
treatment. Nevertheless, it is important to take into account
that accumulation of copper is not an exclusively adaptive and
metabolism-dependent process (Turnlund, 1998; Viraraghavan
and Srinivasan, 2011). A passive mechanism of accumulation
plays an important role and includes binding of copper ions to
the cell wall (Viraraghavan and Srinivasan, 2011). This process
could also explain higher accumulation of copper under the
gradual treatment, which implies longer exposure to stress. The
final dose of copper was always the same among the treatments;
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thus, the difference in accumulation is caused by the difference in
stress delivery.
In the current study, we also looked at the correlation
between biomass production and copper accumulation. In our
opinion, the relationship between effect size (biomass) and effect
size (copper accumulation) represents various response strategies
employed by fungi under gradual and abrupt stress. Fungi
can have diverse strategies to deal with stress: energy and
nutrients can be redirected from mycelial growth to defense
and homeostasis maintenance in different ratios. There are a
number of “costly” heavy metal defense mechanisms – active
efflux of heavy metal ions (Bruins et al., 2000), antioxidant
production (Sánchez, 2017; Khan et al., 2018), vacuolar metal
compartmentalization (Hall, 2002), metallothionein production
(Zhang et al., 2003), and excretion of copper-binding agents
(Ross, 1975; Jarosz-Wilkolazka and Gadd, 2003; Anahid et al.,
2011). In our study, it was noticed that some fungi (RLCS05,
RLCS32, and RLCS12) were producing pigments as protection
from heavy metal-induced oxidative stress (Gmoser et al., 2017)
and did so differently for the abrupt and gradual treatment.
The abovementioned resistance mechanisms can be applied by
fungi singly or in various combinations (Bruins et al., 2000;
Iram et al., 2009). For example, Fusarium solani – a species
complex, which includes isolate RLCS12, is able to produce a
number of metabolites, including ergosterol, which protects the
cells from oxidative stress (Sánchez, 2017; Khan et al., 2018) and
thiols, which, when excreted, form complexes with copper ions
(Brown and Hall, 1990).
If we assume that there are two ways to use resources –
growth and mentioned costly defense mechanisms (for example,
an active copper efflux), then we can distinguish four potential
strategies or response types of dealing with copper stress:
fungi can (a) show extensive growth, but at the same time
accumulate high amounts of copper, e.g., invest resources in
growth, possibly trying to escape from the stressful environment;
(b) show extensive growth and accumulate low amounts of
copper, e.g., be naturally more tolerant and being able to invest
resources into copper excretion; (c) show strong inhibition of
growth and accumulate high amounts of copper, e.g., be naturally
more sensitive to copper stress and not being able to continue
growth, nor actively defend against copper stress; (d) show strong
inhibition of growth, but accumulate low amounts of copper, e.g.,
invest the resources into defense, not into biomass production.
In the current study, we observed that even though the
responses of individual isolates were diverse, the association
between effect size (biomass) and effect size (copper accumulation)
was positive in both treatments (Figure 4), meaning that
isolates for which biomass was not reduced by treatments
tended to accumulate more copper. Although the slope of the
regression line does not differ between the treatments, the
positive correlation between ES biomass (biomass reduction) and
ES copper accumulation was stronger for the gradually than for
the abruptly treated one.
Also, according to our observations, fungi employed
abovementioned response strategies (a), (b), and (d) and some
isolates applied different strategies to deal with abrupt and
gradual treatments.
We can conclude that contrary to our hypothesis,
conventional wisdom, and previous findings, gradual application
of copper overall did not result in better performance in
filamentous fungi, and indeed the responses we observed
differed widely among the different isolates. Our study was
focused on documenting response patterns across a broad
suite of fungal isolates. A next step would be to deepen our
understanding of the effects of gradual and abrupt copper
pollution on filamentous fungi, by elucidating underlying
response mechanisms. Some studies report that adaptive
strategies can vary at the molecular level (Lindsey et al., 2013;
Bleuven and Landry, 2016).
The effect of differences in the rate of change is largely
understudied. It is advisable for studies in stress ecology and
ecotoxicology to apply a wider range of treatment scenarios (with
different rates of change) to fill this important gap. A better
understanding of the temporal nature of stress and response
is important to predict how environmental changes, including
drivers of global change, affect organisms, communities, and
functioning of ecosystems (Ryo et al., 2019).
DATA AVAILABILITY STATEMENT




PG conducted the study, which was designed by PG, LM, M-BB,
and MCR. The manuscript was written through contributions of
all authors. All authors have given approval to the final version
of the manuscript.
FUNDING
This work was supported by the European Research Council
(ERC Advanced Grant Number 694368 to MCR), Elsa Neumann
Scholarship NaFöG (to PG), and Grant-in-Aid for JSPS Overseas
Research Fellowships (Grant Number 201860745 to MR). We
acknowledge support by the Open Access Publication Initiative
of Freie Universität Berlin.
ACKNOWLEDGMENTS
We thank Dr. Milica Lakovic for helpful comments and
fruitful discussions.
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fmicb.2020.
01195/full#supplementary-material
Frontiers in Microbiology | www.frontiersin.org 6 June 2020 | Volume 11 | Article 1195
fmicb-11-01195 June 15, 2020 Time: 22:42 # 7
Golubeva et al. Gradually and Abruptly Delivered Copper
REFERENCES
Anahid, S., Yaghmaei, S., and Ghobadinejad, Z. (2011). Heavy metal tolerance of
fungi. Sci. Iran. 18, 502–508. doi: 10.1016/j.scient.2011.05.015
Andrade-Linares, D. R., Veresoglou, S. D., and Rillig, M. C. (2016). Temperature
priming and memory in soil filamentous fungi. Fungal Ecol. 21, 10–15. doi:
10.1016/j.funeco.2016.02.002
Ballabio, C., Panagos, P., Lugato, E., Huang, J.-H., Orgiazzi, A., Jones, A., et al.
(2018). Copper distribution in European topsoils: an assessment based on
LUCAS soil survey. Sci. Total Environ. 636, 282–298. doi: 10.1016/j.scitotenv.
2018.04.268
Bleuven, C., and Landry, C. R. (2016). Molecular and cellular bases of adaptation
to a changing environment in microorganisms. Proc. R. Soc. B Biol. Sci.
283:20161458. doi: 10.1098/rspb.2016.1458
Blomberg, S. P., Garland, T., and Ives, A. R. (2003). Testing for phylogenetic signal
in comparative data: behavioral traits are more labile. Evolution 57, 717–745.
doi: 10.1111/j.0014-3820.2003.tb00285.x
Brookes, P. C. (1995). The use of microbial parameters in monitoring soil pollution
by heavy metals. Biol. Fertil. Soils 19, 269–279. doi: 10.1007/BF00336094
Brown, M. T., and Hall, I. R. (1990). “Metal tolerance in fungi,” in Heavy Metal
Tolerance in Plants: Evolutionary Aspects, ed. J. Shaw (Boca Raton, FL: CRC
Press), 96–104.
Bruins, M. R., Kapil, S., and Oehme, F. W. (2000). Microbial Resistance to Metals in
the Environment. Ecotoxicol. Environ. Saf. 45, 198–207. doi: 10.1006/eesa.1999.
1860
Cervantes, C., and Gutierrez-Corona, F. (1994). Copper resistance mechanisms in
bacteria and fungi. FEMS Microbiol. Rev. 14, 121–137. doi: 10.1111/j.1574-6976.
1994.tb00083.x
Eaton, R. A., and Hale, M. D. C. (1993). Wood: Decay, Pests and Protection. Kennett
Square, PA: Chapman and Hall Ltd.
Giller, K. E., Witter, E., and Mcgrath, S. P. (1998). Toxicity of heavy metals to
microorganisms and microbial processes in agricultural soils: a review. Soil Biol.
Biochem. 30, 1389–1414. doi: 10.1016/S0038-0717(97)00270-8
Gmoser, R., Ferreira, J. A., Lennartsson, P. R., and Taherzadeh, M. J. (2017).
Filamentous ascomycetes fungi as a source of natural pigments. Fungal Biol.
Biotechnol. 4:4. doi: 10.1186/s40694-017-0033-2
Gomaa, O. M., and Azab, K. S. (2013). Biological indicators, genetic polymorphism
and expression in Aspergillus flavus under copper mediated stress. J. Radiat.
Res. Appl. Sci. 6, 49–55. doi: 10.1016/j.jrras.2013.10.006
Hall, J. L. (2002). Cellular mechanisms for heavy metal detoxification and tolerance.
J. Exp. Bot. 53, 1–11. doi: 10.1093/jxb/53.366.1
Iram, S., Ahmad, I., Javed, B., Yaqoob, S., Akhtar, K., Kazmi, M. R., et al. (2009).
Fungal tolerance to heavy metals. Pakistan J. Bot. 41, 2583–2594.
Jarosz-Wilkolazka, A., and Gadd, G. M. (2003). Oxalate production by wood-
rotting fungi growing in toxic metal-amended medium. Chemosphere 52,
541–547. doi: 10.1016/S0045-6535(03)00235-2
Karunasekera, H. (2017). Molecular, Phylogenic, Mass-Spectrometry and Decay
Analyses of Copper Tolerant Phialophora Species Causing Soft Rot of
Wood. Available online at: http://urn.kb.se/resolve?urn=urn:nbn:se:slu:epsilon-
e-4159%0A (accessed 12 February 2020).
Keck, F., Rimet, F., Bouchez, A., and Franc, A. (2016). phylosignal: an R package
to measure, test, and explore the phylogenetic signal. Ecol. Evol. 6, 2774–2780.
doi: 10.1002/ece3.2051
Khan, N., Afroz, F., Begum, M. N., Roy Rony, S., Sharmin, S., Moni, F., et al. (2018).
Endophytic Fusarium solani: a rich source of cytotoxic and antimicrobial
napthaquinone and aza-anthraquinone derivatives. Toxicol. Rep. 5, 970–976.
doi: 10.1016/j.toxrep.2018.08.016
Klironomos, J. N., Allen, M. F., Rillig, M. C., Piotrowski, J., Makvandi-Nejad,
S., Wolfe, B. E., et al. (2005). Abrupt rise in atmospheric CO2 overestimates
community response in a model plant–soil system. Nature 433, 621–624. doi:
10.1038/nature03268
Komárek, M., Èadková, E., Chrastnı , V., Bordas, F., and Bollinger, J.-C. (2010).
Contamination of vineyard soils with fungicides: a review of environmental
and toxicological aspects. Environ. Int. 36, 138–151. doi: 10.1016/j.envint.2009.
10.005
Lehmann, A., Zheng, W., Soutschek, K., Roy, J., Yurkov, A. M., and Rillig, M. C.
(2019). Tradeoffs in hyphal traits determine mycelium architecture in saprobic
fungi. Sci. Rep. 9:14152. doi: 10.1038/s41598-019-50565-7
Lindsey, H. A., Gallie, J., Taylor, S., and Kerr, B. (2013). Evolutionary rescue from
extinction is contingent on a lower rate of environmental change. Nature 494,
463–467. doi: 10.1038/nature11879
Nevitt, T., Öhrvik, H., and Thiele, D. J. (2012). Charting the travels of copper in
eukaryotes from yeast to mammals. Biochim. Biophys. Acta - Mol. Cell Res. 1823,
1580–1593. doi: 10.1016/j.bbamcr.2012.02.011
Prabhakaran, P., Ashraf, M. A., and Aqma, W. S. (2016). Microbial stress response
to heavy metals in the environment. RSC Adv. 6, 109862–109877. doi: 10.1039/
c6ra10966g
Prohaska, J. R. (2008). Role of copper transporters in copper homeostasis. Am. J.
Clin. Nutr 88, 826S–829S. doi: 10.1093/ajcn/88.3.826S
R Core Team (2018). R. A Language and Environment for Statistical ComputingR.
Available at: https://www.r-project.org/ (accessed 12 February 2020).
Ross, I. S. (1975). Some effects of heavy metals on fungal cells. Trans. Br. Mycol.
Soc. 64, 175–193. doi: 10.1016/S0007-1536(75)80101-X
Ryo, M., Aguilar-Trigueros, C. A., Pinek, L., Muller, L. A. H., and Rillig, M. C.
(2019). Basic principles of temporal dynamics. Trends Ecol. Evol. 34, 723–733.
doi: 10.1016/j.tree.2019.03.007
Sánchez, C. (2017). Reactive oxygen species and antioxidant properties from
mushrooms. Synth. Syst. Biotechnol. 2, 13–22. doi: 10.1016/j.synbio.2016.12.001
Science Communication Unit and University of the West of England (2013).
Science for Environment Policy In-depth Report: Soil Contamination. Bristol:
Impacts on Human Health.
Siteur, K., Eppinga, M. B., Doelman, A., Siero, E., and Rietkerk, M. (2016).
Ecosystems off track: rate-induced critical transitions in ecological models.
Oikos 125, 1689–1699. doi: 10.1111/oik.03112
Sivaprakasam, S., Mahadevan, S., Sekar, S., and Rajakumar, S. (2008). Biological
treatment of tannery wastewater by using salt-tolerant bacterial strains. Microb.
Cell Fact. 7:15. doi: 10.1186/1475-2859-7-15
Tóth, G., Hermann, T., Szatmári, G., and Pásztor, L. (2016). Maps of heavy metals
in the soils of the European Union and proposed priority areas for detailed
assessment. Sci. Total Environ. 565, 1054–1062. doi: 10.1016/j.scitotenv.2016.
05.115
Turnlund, J. R. (1998). Human whole-body copper metabolism. Am. J. Clin. Nutr.
67, 960S–964S. doi: 10.1093/ajcn/67.5.960S
Vieira, R. H. S. F., and Volesky, B. (2000). Biosorption: a solution to pollution? Int.
Microbiol. 3, 17–24. doi: 10.2436/im.v3i1.9237
Viraraghavan, T., and Srinivasan, A. (2011). “Fungal biosorption and biosorbents,”
in Microbial Biosorption of Metals, eds P. Kotrba, M. Mackova, and T. Macek
(Dordrecht: Springer Netherlands), 143–158. doi: 10.1007/978-94-007-044
3-5_6
Vogel, S., Märker, M., Rellini, I., Hoelzmann, P., Wulf, S., Robinson, M., et al.
(2015). From a stratigraphic sequence to a landscape evolution model: late
pleistocene and holocene volcanism, soil formation and land use in the shade
of mount vesuvius (Italy). Quat. Int. 399, 155–179. doi: 10.1016/j.quaint.2015.
02.033
Went, F. W., and Stark, N. (1968). The biological and mechanical role of soil fungi.
Proc. Natl. Acad. Sci. U.S.A. 60, 497–504. doi: 10.1073/pnas.60.2.497
Zhang, B., Georgiev, O., Hagmann, M., Gunes, C., Cramer, M., Faller, P., et al.
(2003). Activity of metal-responsive transcription factor 1 by toxic heavy
metals and H2O2 in vitro is modulated by metallothionein. Mol. Cell. Biol. 23,
8471–8485. doi: 10.1128/mcb.23.23.8471-8485.2003
Zhang, Q., Zeng, G., Chen, G., Yan, M., Chen, A., Du, J., et al. (2015). The effect
of heavy metal-induced oxidative stress on the enzymes in white rot fungus
phanerochaete chrysosporium. Appl. Biochem. Biotechnol. 175, 1281–1293. doi:
10.1007/s12010-014-1298-z
Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.
Copyright © 2020 Golubeva, Ryo, Muller, Ballhausen, Lehmann, Sosa-Hernández
and Rillig. This is an open-access article distributed under the terms of the Creative
Commons Attribution License (CC BY). The use, distribution or reproduction in
other forums is permitted, provided the original author(s) and the copyright owner(s)
are credited and that the original publication in this journal is cited, in accordance
with accepted academic practice. No use, distribution or reproduction is permitted
which does not comply with these terms.
Frontiers in Microbiology | www.frontiersin.org 7 June 2020 | Volume 11 | Article 1195
